Bombesin is a tetradecapeptide originally purified from the skin of the European frog Bombina bombina.
1 Two bombesin-like peptides, gastrin-releasing peptide (GRP) and neuromedin B (NMB), have been identified in mammals. 1 GRP and NMB exert their function by binding to high affinity G-protein coupled receptors on the cell surface; those are the GRP-preferring receptor (GRPR) and the NMB-preferring receptor (NMBR). 2 In addition, a third subtype of mammalian bombesin receptors (BRS-3) has been cloned: however, high affinity natural ligand(s) specific to BRS-3 have not been identified yet. 3, 4 Mammalian bombesin-like peptides and their receptors are widely distributed in the central nervous system and peripheral organs. They modulate exocrine and endocrine processes, smooth muscle contraction, metabolism, homeostasis, and behavior. 1 However, the molecular basis of the diversity of biological effects of the bombesin system remains elusive. Distinct distributions of bombesin receptor subtypes in various tissues suggest independent roles of the receptors in such biological responses. 2, 5 We have generated both GRPR and BRS-3 deficient mice in an effort to determine in vivo the function of these receptors. 6, 7 
BRS-3 deficient mice
Unexpectedly, we observed mild obesity and metabolic defects in BRS-3 deficient mice. 6 This surprising result suggests that BRS-3 plays a crucial role in adiposity and energy balance. Size difference between wild-type and mutant mice became evident around 16 weeks of age, and got larger with age ( Figure 1 ). At 40 weeks of age, mutant mice gain about 40% more body weight compared with wild-type mice. Increased mass of the adipose tissue was likely responsible for the weight gain in mutants. Hypertension and impaired glucose and lipid metabolism were associated with the obesity of those animals. The plasma levels of insulin were high and serum growth hormone levels were low in mutant mice at the age when size difference was significant. Both glucose tolerance and insulin tolerance tests showed impaired glucose metabolism in mutants. Serum concentrations of thyroid hormones and glucagon were normal. In terms of energy balance, BRS-3 deficient mice exhibited a reduction of oxygen consumption at the resting state even before body size differences between wild-type and mutant mice became significant. Subsequently, mild hyperphagia was observed when the size difference was evident. Feeding efficiency was increased in mutant mice. Locomotor activity of mutant mice was similar to that of wild-type mice, and non-shivering brown-fat thermogenesis did not appear to be affected in mutant mice.
These surprising results on BRS-3 deficient mice demonstrate that BRS-3 is required for the regulation of endocrine function and metabolism. In contrast to other obese models such as OB/OB, 8 BRS-3 deficient mice exhibited mild obesity and mild hyperphagia. BRS-3 deficient mice could therefore be an important new model for human obesity and associated disorders. Further studies on physiological and pathophysiological roles of BRS-3 both in vivo and in vitro should facilitate the development of new prevention and treatment strategies for obesity. In this regard, identification of specific ligands to BRS-3 represents a new opportunity for research in this field. Furthermore, molecular genetic analyses of obesity in humans might test the hypothesis of a possible central role of BRS-3 in the molecular mechanisms of obesity. In contrast to GRPR and NMBR, BRS-3 is almost exclusively expressed in the brain and spinal cord of mice. 5 In brain, BRS-3 is dominantly expressed in hypothalamic nuclei including the paraventricular, arcuate and dorsomedial nuclei. 5 These nuclei are known to be involved in the regulation of the autonomic nervous system and in endocrine function. Since gross anatomical changes were not observed in the hypothalamic region of BRS-3 deficient mice, BRS-3 deficiency is likely to cause functional but not morphological alterations in the hypothalamus. There is increasing evidence that the hypothalamus is one of the targets for leptin. 9, 10 Besides leptin, proopiomelanocortin signaling in the hypothalamus has been implicated in energy balance. [11] [12] [13] It has also been shown that tar- geted mutation of melanocortin-4 receptor caused obesity in mice. 14 Although elevated levels of plasma leptin in BRS-3 deficiency mice seem to reflect the increased mass of adipose tissue, the fact that BRS-3 deficient mice become obese despite the increase of leptin level suggests a reduction of leptin sensitivity in those mice. Further studies should address the functional relation between BRS-3 and leptin or melanocortin receptors in the hypothalamus.
GRPR deficient mice
In contrast to BRS-3 deficient mice, we observed that GRPR deficient mice did not exhibit any metabolic or endocrine effects. 7 Rather, GRPR deficient mice showed behavioral abnormalities which were not observed in BRS-3 deficient mice. GRPR deficient mice exhibited increased locomotor activity in the dark period but not in the light period (Figure 2) . Furthermore, GRPR deficient mice exhibited increased social responses such as sniffing, mounting, and approaching behaviors against an intruder. Aggressive behaviors such as fighting and biting were not altered in those mutants. These results demonstrate a possible involvement of GRPR in behavioral and social responses. We observed the same phenotype in two different mice lines derived from two independent ES cells as well as in all tested generations. Although genetic effects of the 129 ES strain linked to the targeted GRPR locus cannot be ignored, it is likely that GRPR is involved in the regulation of social responses and locomotor activities. In the brain, BRS-3-expressing regions are included in the regions where GRPR is expressed. However, phenotypes are quite different between the two mutants, which indicates differential roles of these two receptors in brain function. In social behavior, it is of particular interest that the GRPR mutant mice showed differences between social and aggressive responses. Some mutant mice have been reported to show aggressive behavior, whereas few mutants exhibit abnormali- Figure 2 Left: Increased locomotor activity during the active (dark) period in GRPR deficient mice. Spontaneous locomotor activity of individually housed mice (4 to 5-month-old, mutant n = 4; wild-type n = 4) was monitored for 2 weeks by a sensor of magnetic field under a 24-h dark cycle. Increased locomotor activity during the active (dark) period was also observed in mutant mice under a 12-h light/12-h dark cycle. Right: Increased social responses in GRPR deficient mice. Behavior of male mutant (n = 10) and wild-type (n = 10) mice against an intruder were scored every 10 s for 5 min. The number of events of sniffing, mounting, and approaching the intruder's head were counted as social responses. The incidence of biting and fighting was scored as aggressive response. Before examination, each mouse (4-month-old) was housed individually for 4 weeks, and intruders (ICR mice) were housed in a group of five mice. Values are mean ± SEM. Statistics were performed with two-tailed Student's t-test. ties in social behavior. 15 Recently, targeted mutation of dvl1, one of three mammalian homologues of Drosophila segment polarity gene Dishevelled, was reported. 16 In contrast to GRPR deficient mice, dvl1 deficient mice showed reduced social interaction. In humans, disruption of GRPR gene was reported in a patient with autism and multiple exostoses. 17 GRPR deficient mice may therefore provide a useful model for psychiatric disorders.
Conclusions
The bombesin system has not been very well characterized in the brain. This may be due to a lack of specific antagonists or agonists or to the diversity of physiological effects of bombesin. Bombesin receptors are phylogenetically most related to endothelin receptors whose importance is well-known. Our studies on bombesin receptor knock-out mice indicate the necessity and potential fruitfulness of further efforts to examine in detail the role of bombesin in brain function.
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